Introduction
It is essential to determine ammonium ion because this ion is one of the important micronutrients in the water ecosystem. 1 In order to determine ammonium ion, many spectrophotometric methods based on the Berthelot reaction have been developed. In the first step of the Berthelot reaction, ammonium ion reacts with hypochlorite to form monochloramine, followed by the second step, in which phenol is added to the monochloramine, forming an indophenol blue derivative. In the reaction, the addition of nitroprusside is necessary to improve its sensitivity. 2, 3 Because phenol and nitroprusside are highly toxic, however, a method without using those reagents would be desirable. Methods using salicylate, [4] [5] [6] [7] [8] [9] instead of phenol, were reported. In these methods, however, the addition of nitroprusside is indispensable for these color development. Methods using thymol, [10] [11] [12] [13] [14] [15] instead of phenol, were also reported. In these methods, the addition of acetone and the use of solid-phase extraction are performed to obtain high sensitivity. The solid-phase extraction was based on the formation of an ion pair between the indophenol blue derivative and a cationic surfactant. 11, [13] [14] [15] The ion pair with high hydrophobicity could be collected on the solid-phase, which was either a filter, 11, 13, 15 or a column packed with octadecyl group-bonded silica gel.
14 The collected ion pair was then eluted with a small volume of solvent. In the methods, however, the reaction time for the color development was as long as 60 min. 10, 11 Or, to reduce the reaction time, nitroprusside had to be used. [12] [13] [14] [15] Modified Berthelot reactions using 1-naphthol, instead of phenol, were developed, [16] [17] [18] [19] including our report which performed flow injection analysis. 19 In the methods, the indophenol blue derivative was formed without nitroprusside in the modified Berthelot reaction; however, it was difficult to apply for the determination of the μg L -1 level as ammonium ion.
Here, we proposed a new method for the determination of ammonium ion without using nitroprusside. In this method, first, the indophenol blue derivative was produced using 1-naphthol and dichloroisocyanurate; second, Zephiramine was added to the derivative, forming an ion pair; and third, the ion pair was concentrated on a membrane filter. Later, the ion pair was easily eluted by a small amount of organic solvent, and absorbance of the eluate was measured by spectrophotometric analysis. The proposed method was very simple; and more sensitive and less time consuming compared to the other official methods. We were also able to apply this method to the analysis of river water and seawater.
Experimental

Apparatus
A Shimadzu UV-1650-PC spectrophotometer was used for recording spectra and measuring the absorbance in a glass cell with a 10-mm light-path length. A Shibata SUS316 filter holder was used for filtration with f25 mm filter (available filtration area: ca. 210 mm 2 ).
Reagents and filters
All reagents and solvents were of analytical reagent grade and were used as received. Distilled water was used throughout the study. A stock standard solution of ammonium ion (1000 mg L -1 )
In order to determine ammonium ion in water samples, we propose a method based on the Berthelot reaction of ammonia with 1-naphthol and dichloroisocyanurate to form an indophenol blue derivative and collection of the blue compound as an ion pair using Zephiramine on a pure polytetrafluoroethylene (PTFE)-type membrane filter. The ion pair on the filter was eluted with 5.0 mL of acetonitrile, and the absorbance of the eluate was measured at 725 nm. The detection limit of the method was 2.5 μg L -1 of ammonium ion. We showed that the interference of foreign ions was removed by the addition of EDTA. We also demonstrated the success of the method in determining ammonia in river water and seawater. ) were prepared by dissolving the required amounts of the respective reagents in water. Other reagents were from Wako.
An Advantec Toyo pure polytetrafluoroethylene (PTFE) type and hydrophilic PTFE membrane filter (Advantec, Tokyo, Japan) were used. All filters had a pore size of 0.2 μm and a diameter of 25 mm.
Standard procedure
A sample containing up to 4 μg of ammonium ion was placed in a 25-mL test tube. If necessary, the sample was neutralized with sodium hydroxide solution (0.1 mol L ) was added. The mixture was diluted to 25 mL with water and left standing for 5 min at room temperature. After adding 1 mL of the Zephiramine solution (2 g L -1 ), the mixture was suction-filtered using the pure PTFE-type membrane filter pretreated with ethanol and water. An ion pair of the indophenol blue derivative and Zephiramine collected on the pure PTFE-type membrane filter was eluted with 5.0 mL of acetonitrile. The absorbance of the eluate was measured at 725 nm.
Results and Discussion
Selection of reagents for the modified Berthelot reaction
The formation of an ion pair between the indophenol blue derivative and a cationic surfactant was reported to confer high sensitivity to the method based on the Berthelot reaction. 11, [13] [14] [15] 20 We examined the following phenol compounds to form the indophenol blue derivative, which could be collected on the membrane filter: phenol, 1-naphthol, 2-naphthol, acetylsalicylic acid, and 2-chlorophenol. In this study, we chose 1-naphthol because it was the only reagent that formed the blue compound without adding nitroprusside and collected on the membrane filter as an ion pair with Zephiramine. Instead of sodium hypochlorite, we examined the stable powder reagents DIC 4, 5 and chloramine-T. 10 We chose DIC because it was more sensitive than chloramine-T in the Berthelot reaction.
Optimization of variables in the modified Berthelot reaction
We studied the reaction conditions to obtain the optimum color development using the working standard solution containing 4 μg, as ammonium ion were analyzed according to the standard procedure without the addition of Zephiramine and filtration.
The indophenol blue derivative is formed at a pH of 12 -13. As 1-naphthol is acidic, adding it to the solution will affect its pH. 19 We examined the effect of the relationship between the sodium hydroxide concentration and the 1-naphthol concentration on the color intensity. The optimum volume of the sodium hydroxide solution to add varies depending on the 1-naphthol concentration, as shown in Fig. 1 . In this study, the effect of the 1-naphthol concentration was studied under suitable sodium hydroxide concentrations. Figure 2 shows the effect of the amount of the 1-naphthol solution (50 g L -1 ). From these results, we chose 2 mL as the optimum volume for both 1-naphthol (50 g L -1 ) and sodium hydroxide solutions (16.5 g L -1 ). We next investigated the effect of the DIC concentration. As shown in Fig. 3, 2 .0 to 3.0 mL was a suitable volume of DIC solution (1.8 g L -1 ) to add. However, the absorbance decreased with time at 3.0 mL. Therefore, we adopted 2 mL as the optimum volume of the DIC solution (1.8 g L -1 ). Color development was affected by the standing time after the addition of DIC solution, as shown in Fig. 4 . The optimum standing Fig. 1 Amounts of sodium hydroxide solution (5 g L -1 ) needed to obtain the optimum alkalinity in the modified Berthelot reaction using 1-naphthol. 1-Naphthol, 125 mg 25 mL -1 ( ) and 16 mg 25 mL -1 ( ); ammonium ion, 4 μg; DIC solution (1.8 g L -1 ), 2 mL; acetone, 2 mL; final solution volume, 25 mL; wavelength, 725 nm. It is known that the addition of acetone affects the color intensity of the indophenol blue derivative. 16, 19 We investigated the effect of the acetone concentration on the color intensity. As shown in Fig. 5 , a suitable volume of acetone to add was between 2.0 and 5.0 mL. Thus, we chose 2 mL as the optimum volume of acetone.
Collection of the indophenol blue derivative on a membrane filter
We examined different membrane filters and glass-fiber filters to collect the ion pair of the indophenol blue derivative and Zephiramine. Pure PTFE-and polycarbonate-type membrane filters were used after immersion in ethanol. As the result, we successfully collected the ion pair with a pure PTFE-type membrane filter. The ion pair was probably present as a non-charged chemical species. The aspiration time was longer with a hydrophilic PTFE-type membrane filter than with a pure PTFE filter.
The addition of a proper counter cation is necessary to collect the indophenol blue derivative as an ion pair on the filter. We examined various cationic surfactants, such as Zephiramine, tetraethylammonium chloride, n-dodecylammonium bromide, and cetylpyridinium bromide. When we used Zephiramine, we obtained the highest absorbance of the indophenol blue derivative. Figure 6 shows the effect of the amount of Zephiramine on ion pair collection. A consistently high absorbance was obtained when 1.0 to 2.0 mg of the Zephiramine was added. One milliliter was determined as the optimum volume of the Zephiramine (2 g L -1 ) solution. The collection ratio of the ion pair was ca. 96%.
Elution of indophenol blue derivative on membrane filter
We studied various solvents to elute the ion pair on the filter. Acetonitrile was chosen as the eluting solvent due to its low toxicity and high absorbance. The absorbance in acetonitrile was stable for at least 60 min after elution.
In order to supersensitize our proposed method, the eluent volume was reduced by 2 mL. In 2 mL of acetonitrlile, the ion pair was completely eluted on the PTFE-type membrane filter. ), 2 mL; sodium hydroxide solution (16.5 g L -1 ), 2 mL; standing time after the addition of DIC, none; acetone, 2 mL; final solution volume, 25 mL; wavelength, 725 nm. Table 1 shows the effect of common cations and anions on the determination of ammonium ion with the proposed method. Al 3+ , Mg 2+ , Fe 3+ interfered with filtration of the ion pair because of a metal hydroxide formed under alkaline solution. Cu 2+ interfered with the color development. As shown in Table 1 , however, these metal ions did not interfere with the determination of the ammonium ion due to the addition of EDTA.
Effects of foreign ions
Analytical characteristics
In the proposed method, the relative standard deviation (RSD) was 3% for 4 μg of ammonium ion (n = 5). The detection limit, defined as the concentration giving an absorbance equal to three times the standard deviation of the blank, was 2.5 μg L -1 . The quantitation limit, defined as the concentration giving an absorbance equal to ten times the standard deviation of the blank, was 9.8 μg L -1 of ammonium ion.
Application to natural water samples
We applied the proposed method to water samples. The samples were previously filtered with a cellulose acetate-type membrane filter (pore size of 0.45 μm). The results are given in Table 2 . Good recovery was obtained in analyses of river water and seawater. The results obtained by the proposed method were compared with those the official method 5 applied to the water samples. The results are given in Table 3 . The proposed method did not result in any systematic difference (t-test, p = 0.05).
Conclusion
The proposed method was based on the formation of an indophenol blue derivative according to the Berthelot reaction of ammonium ion with 1-naphthol and dichloroisocyanurate. The indophenol blue derivative was effectively collected on a membrane filter by the addition of Zephiramine and the use of a pure PTFE-type membrane filter. Foreign ions did not interfere with the determination of ammonium ion because of the addition of EDTA.
The reagents used in the proposed method were less toxic than those used in the traditional liquid-liquid extraction method. The proposed method had high sensitivity because of the collection of the indophenol blue derivative on the membrane filter. 
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